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ABSTRACT

A computer code called ASYM is described. The code permits a wind turbine
designer to examine the role of low and high wind speed cut-in and cutout
control strategies on the production of energy and the consumption of
fatigue life by a wind turbine. The primary goal of the code development
has been to create a design tool to optimize the energy production and the
fatigue life of a wind machine through optlmlzed high wind speed control
schemes. The code is also very useful in evaluating start-up algorithms.
It works primarily in the time domain and simulates high-frequency random
wind of specific statistical characteristics while employing energy and
damage density functions to calculate the results. A modified net present
value calculation of the annual machine revenues and costs over the
calculated life of the wind turbine is used to compare the merits of
various control algorithms. Typical results are provided to demonstrate
the use of the code.
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1. INTRODUCTION

Obtaining long-term economic performance from a wind turbine depends on the
following considerations:

(1) Initial machine cost,

(2) Installation at a good wind site,

(3) Low operation and maintenance costs,

(4) High electric energy production, and

(5) Acceptably long life before machine wear out due to material
fatique.

The first three concerns are largely dictated by the pricing policy of the
manufacturer and/or vendor, the selection of the site, and details of the
machine design. The last two considerations can, however, be very much
affected by the manner in which the machine is controlled during start-up,
operation, and shut-down. For example, if a wind turbine is operated all
of the time, even in high winds, a great deal of energy may be generated
but the machine may fail prematurely due to stress-induced material
fatigue.

This paper describes a theoretical computer model that has been under
development by the Sandia National Iaboratories (SNL) for several years.
The code, with the acronym ASYM, simulates a second-to-second random wind
with prescribed properties (i.e., annual average wind speed, probability
distribution, turbulence etc.). The random wind is then input to a
simulated wind turbine with specific control algorithms, as well as -
specific material fatique and output power characteristics. The model can
be used to simulate and select optimal values for wind turbine start and
stop control decisions based on wind speed (both high and low), power,
energy, or fatigue damage rate. The model also permits an evaluation of
the merits of rotor motoring and/or coasting conditions. Various other
important considerations such as wait times and averaging times are also
employed in the control algorithms. The results facilitate the selection
of the optimum control parameters to maximize the wind turbine's life cycle
cost (LCC), net present value (NPV), or other economic figure of merit over
a preselected timeframe (eg., useful life for tax purposes) or the machine
fatique life.

Background

Researchers at the Battelle Pacific Northwest Iaboratories (PNL) modeled
the control algorithms of horizontal-axis wind turbines (HAWTS) as a means
of studying the sensitivity of energy production to different control
approaches and to different wind characteristics [1]. Machine fatigue
damage was not a part of the model. The model compared machine energy
production predictions based on control strategies using 2-minute wind
speed averages compared to hourly averages. Due to an extreme paucity of
higher frequency wind data, the 2-minute averages from several Department
of Energy (DOE) wind stations were the best real wind data base available
for such an evaluation. The analytical comparison found that, depending on



the site's wind characteristics, deviations in energy production
predictions of up to 50 percent could arise.

The development of vertical-axis wind turbine (VAWT) technology within the
United States' wind program has been the responsibility of SNL. Potential
VAWT rotor fatigue damage due to vibratory stresses and its relationship to
machine control algorithms have been under study for several years at SNL.
The effort has resulted in a useful analytical procedure for damage
prediction based on a damage distribution that is developed as a function
of wind speed [2,3]. The method provides the basis of the fatigue portion
of the code discussed in this report.

Similar to the Battelle work, SNL conducted studies to optimize VAWT cut-in
control strategies. The analytical studies relied on measured wind speed
data derived from a DOE wind station in Bushlard, Texas. These efforts
resulted in the development of a code called AUTOSIM. It simulated
supervisory control algorithms pertaining to low wind speed averaging times
as well as average wind speed and/or power levels that must be achieved for
machine start-up. The studies were aimed at maximizing the wind turbine
"on time" that is directly related to energy production [4,5]. Recognizing
the shortage of measured high-frequency wind data by which to study high
wind speed cutout phenomena, SNL then embarked on the theoretical
development of a high-frequency random wind generator. The mathematical
approach has been described in the literature [6] and forms the basis for
the random wind simulator that is employed in the code ASYM.



2. CUMULATIVE FATIGUE DAMAGE

VAWTs exhibit a characteristic rotor vibratory stress, the root mean square
(RMS) level of which increases monotonically with wind speed as shown in
Figure 1. This characteristic results from the fact that (1) with each
rotor revolution a blade passes through the machine's wake, and (2) the
1lift on the blade changes direction twice with each rotor revolution. As a
result, VAWTs are usually shut down at higher wind speeds [approx. 20 m/s
(45 mph) ] to reduce rotor fatigue stresses.

The econcmic ratiocnale for restricting VAWT operation at high wind speeds
has been that (1) there are very few hours when the wind blows above these
levels, therefore little energy is lost; (2) extreme rotor fatigue damage
can begin to occur during high wind speed operation, leading to a dramatic
reduction in machine life; and (3) because current VAWIs continue to
increase their power output at high wind speeds, associated higher torques
will also dictate a stronger and more costly machine drive train to
accommodate higher wind speed operation.

To evaluate the effects of cutout wind speed on VAWI energy production and
machine life, fatigue damage density and energy density functions are used.
The former is the distribution of the fatigue damage as a function of wind
speed, whereas the latter is the distribution of wind energy potentially
available from the wind turbine at each wind speed. Figure 2 is a plot of
the energy and damage density functions (EDF and DDF respectively) for a
typical VAWT. The energy density function represents the fractional amount
of energy that can be generated at each wind speed based on the wind
spectrum and the machine's power curve. The damage density function is the
amount of fatigue damage at the most highly stressed joint (usually in the
rotor of a VAWT) at each wind speed and is calculated according to

Veers [3]. The total energy produced and the total fatigue damage that
could occur to a machine if it ran all the time are represented by the
total areas under the curves in Figure 2. In reality total damage is the
damage rate at each wind speed multiplied by the fractional "on time" at
that wind speed. Energy production is viewed in a similar manner. The
total fatigue damage is the inverse of the expected machine life.

In Figure 2 it can be seen that if the wind turbine is not permitted to
operate above 18 m/s (40 mph) little energy will be lost, but nearly half
of the fatigue damage will be saved. Because ASYM calculates both energy
production and fatigue damage simultaneously, it provides a method of (1)
selecting the optimm cutout wind speed and (2) controlling the machine to
maximize revenue to the wind project over the life of the machine.
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3. COMPUTER CODE DESCRIPTION

Figure 3 is a block diagram of the ASYM model that is currently written in
Fortran 77 code and is operational on an IBM-compatible PC. The overall
model is controlled by the main program that sequentially calls subroutines
for each of the functions shown. Most of the important control and
fatigue-related variables are directly input at the beginning of a run. A
few of the more important elements of the model are briefly discussed
below.

Random Wind Generator

As discussed in McNerney & Veers [6], a second-by-second random wind is
generated in two steps. First, the hourly average values are computed in a
random manner, qguided by the requirements of a Rayleigh distribution and a
pre—defined long-term mean wind speed. The value at each hour is
determined by a Markov random walk process with a prescribed
autocorrelation decay. During each hour the turbulence spectrum is
determined according to the Frost, Iong, and Turner turbulence spectrum [7]
that is inverted by a fast Fourier transform to provide a time series. The
resultant stream of high-frequency wind data is then normalized to conform
to a specific hourly average, and subsequently randomized.

Fatigue Model

As ASYM calculates various timing and energy parameters during control
algorithm simulation, it alsoc calculates fatigue damage at the most highly
stressed structural joint. The fatigue damage model used in past Sandia
work [8] employs Miner's cumulative damage rule to predict the damage at
each stress level, S, based on the number of stress cycles, n, at each
level. Miner's rule relies on the S-n curve at failure for a material or
joint being stressed. Appropriate "knock down" factors (for stress
concentration, etc.) are assumed in order to account for differences in
stress between those of a laboratory test piece and those of an operational
VAWT',

The RMS stress level is approximated by the wind-stress function shown in
Figure 1 and the number of cycles at each stress level is determined from
the predominant cycle rate of the machine. For VAWTs, the average cycle
rate can be estimated by taking the ratio of the second moment to the zero
moment of the stress-frequency spectrum [3]. It can, however, be
approximated by the two-per-revolution excitation frequency that is
dominant in the case of a VAWT rotor with two blades. A more recent SNL
report provides a more comprehensive summary of the fatigue module within
the ASYM code [92].
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Control Algorithms

Several types of wind turbine control algorithms have been modeled with
ASYM. Additional options could also be evaluated with minor modifications.
Definitive low wind speed analyses have been previously carried out using
AUTOSIM [5], but ASYM could be applied for the same purpose. The main
emphasis and the unique value of ASYM is that it permits an evaluation of
various control choices at high wind speeds. Some of both the low and high
wind speed control schemes are briefly described below.

Iow Wind Speed Control Algorithms. There are roughly six low wind speed
control options available. The main objective of the strategy is to
minimize machine starts and stops and motoring losses, while maximizing "on
time" or energy production. The approaches include start and stop
decisions based on:

(1) A discrete wind speed average in which action is initiated when a
single wind speed value exceeds a specific level,

(2) A moving wind speed average (or window) where action is initiated
based on the average of a fixed number of wind speed values - the
latest value included and the oldest value in the moving window
eliminated at each step,

(3) A discrete power average,
(4) A moving power average,

(5) A discrete double power average where wind speed values are
analytically converted to an appropriate VAWT power output, based
on the power curve. Action is effected based on either a low
threshold value of average power computed over several sampling
intervals, or a higher value computed over fewer samples, and

(6) A “"Canadian coast" algorithm in which the generator motors when
unloaded for winds below cut-in speed.

The single moving power average algorithm has been recommended in a past
SNL report as the most efficient approach [4].

High Wind Speed Control Algorithms. There are also several high wind speed
control algorithms that may be used. The main objective of a cutout
algorithm is to protect the wind turbine from either catastrophic failure
or long-term fatigue damage. In a manner similar to that described for low
wind speed control, high wind speed control schemes include machine cutout
based on:

(1) A discrete wind speed average,
(2) A single moving wind speed average,

(3) A double moving wind speed average,



(4) A moving power average, or
(5) An excessive damage density rate.

In addition, each cutout condition will have an associated wait time
following cutout, and a high wind speed cut-in condition that may have a
threshold at a lower level than the cutout threshold.

Financial Figure of Merit

In its present form ASYM computes the financial merits of a project by
calculating a subset of the net present value of the annual cash flows over
the useful life of the machine. The machine's lifetime is based on its
estimated fatigue life calculated by ASYM. Estimates of the annual percent
energy capture are also calculated by ASYM. The simplified net present
value is shown in the following equation in terms of key economic
parameters.

N i
NPV = EA[% (Energy Capture - O&M) ][ > ( 1 ) 1,
i=o0 1+D
(Energy Cost) - (Machine Cost) (1)

where FA is the annual energy available, N is the expected machine life
(years), and D is assumed to be the discount rate or prevailing inflation
rate. The economic figure of merit (FOM) is assumed to be given by the
function within the brackets and is given by Equation (2). It represents a
simplified function whose value might be affected by the manner in which
the machine is controlled. The FOM will be used as a standard of
comparison for simulation results to be discussed later.

N i
FOM = [% (Energy Capture - OM)][ ¥ (——) 1. (2)
12 1+D




4. TYPICAL RESUILTS

During wind turbine operation, the control system is assumed to sample wind
speed or power periodically and to send the measurement to the controller.
For the model results to be discussed, the sampling period is every 2
seconds. This parameter can be varied. The information is used to
calculate either a discrete or a moving average and to compare the value to
a threshold level that has been established in the controller. If a
threshold is exceeded, either instantaneously or as an average (as dictated
by the algorithm), machine control will be affected.

To provide insight into useful applications for the model and to illustrate
its value, a few examples of model results are presented. For these
examples, a Rayleigh-distributed wind spectrum with an average speed of 8
m/s (17.9 mph) and a surface roughness length scale of 0.1 m are assumed.
The latter parameter is used to simulate the second-by-second wind
turbulence in accordance with the Frost-Long-Turner wind model [7]. The
assumed high wind speed cutout control algorithm allows the wind turbine to
restart only after 5 minutes have elapsed. This parameter is intended to
avoid frequent high wind speed stops and starts. Based on past SNL VAWT
analyses and test data, it is assumed that a single start operation
consumes 1/500,000th of the machine's fatigue life and 1 kWh of energy from
the electrical network.

Single High Wind Speed Cutout

The unique goal of ASYM development has been to aid in specifying high wind
speed cutout algorithms. As shown in Equation (2), the figqure of merit
(FOM) is maximized if the machine life and energy capture are
simultaneously maximized. Energy production can be maximized by operating
the machine any time that the wind speed is above the cut-in level.
However, the machine life may be drastically reduced by a fatigue failure
if it is operated too often in high wind speeds. Therefore, the model is a
useful tool to explore the concept of a high cutout wind speed that
optimizes the FOM in Equation (2).

The fatigue results for a series of sample runs, with various high cutout
wind speeds and wind-stress functions (i.e., curve slopes in Figure 1), are
shown in Figure 4. Wind-stress functions of from 60 to 120 RMS psi/ (n/s)
were chosen to illustrate the results, although values below this range
should be sought through proper structural design. The results, given in
terms of expected machine life, indicate a very strong sensitivity of
machine life to the wind-stress function. Conversely, the machine life is
very sensitive to cutout wind speed over the range studied. For a wind-
stress function of 120 RMS psi/(m/s), the expected machine life is,
however, zero for all high wind speed cutout thresholds over the cutout
wind speed range studied. In such a case, the VAWT design should be
modified to reduce stresses.

-10-
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Energy capture will also vary with cutout wind speed threshold, but may
have its greatest sensitivity over a different range of threshold values as
shown by the damage and energy density curves in Figure 2. As an example,
Figure 5 provides a plot of both the estimated percent energy capture and
fatique life for a VAWT that exhibits a wind-stress function of 60 RMS
psi/ (m/s) at the most highly stressed rotor joint. The shape of the two
curves is indicative of the area under each curve in Figure 2 that exists
to the left of a given cutout wind speed.

The FOM described in Equation (2) illustrates the multiplicative
relationship between the two parameters plotted in Figure 5 and leads one
to expect that an optimum cutout wind speed exists to maximize the FOM.
Figure 6 is a plot of the variation in the FOM as a function of the cutout
wind speed for the four values of wind-stress function considered in Figure
4. The results indicate that there is a clear optimm cutout wind speed in
the vicinity of 20 m/s for a wind-stress function of 60 RMS psi/ (n/s).
However, for systems with a greater sensitivity between wind speed and
vibratory stress, the following appears to be true;

(1) All values of the FOM are expected to be lower for VAWTs with a
wind-stress function higher than 60 RMS psi/(n/s), irrespective of
cutout wind speed,

(2) For mid-range wind-stress functions of 70 or 80 RMS psi/(ny/s), the
FOM will be maximized by reducing the machine cutout as low as
possible over the range of interest,

(3) For a 14 percent reduction in the wind-stress function in the
vicinity of a 20-m/s cutout [i.e., from 70 to 60 RMS psi/(n/s)],
the FOM can be increased nearly 400 percent,

(4) For machines with very highly stressed joints [i.e., 120 RMS
psi/(m/s)], it makes more economic sense to operate the machine as
often as the wind allows to maximize the present value of the
little energy that will be produced before a fatigue failure
occurs, and

(5) The values of the optimum cutout wind speed, or whether one exists
at all, vary with the relative dominance of each term in
Equation (2).

Therefore, it can be concluded that VAWT energy production, life, and
economic benefits are extremely sensitive to the vibratory stress function
at the most highly stressed machine components - generally found on the
rotor. In VAWT design and engineering, 60 RMS psi/(m/s) should be
considered a practical upper limit for the wind-stress function of an
aluminum rotor joint. After that is achieved, it may make sense to select
a cutout wind speed that maximizes the value of the energy produced over
the life of the machine by using a design tool such as ASYM.

=12~
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Double High Wind Speed Cutout

A second high wind speed control approach employs a double moving wind
speed average, as described above. This algorithm allows the wind turbine
to shut down if the average wind speed exceeds a high wind speed threshold
for a brief period, or if the average wind speed exceeds a lower wind speed
value for a longer period. The period of time to satisfy the criterion is
dictated by the width of a moving average wind speed window. In ASYM, this
is specified by the number of sample points (at 2 seconds per sample) in
the average. Generally the higher high speed criterion may be triggered
when only one or two samples are above the threshold. On the other hand,
the lower threshold may require as many as five or ten pomts in a moving
average. Thus, average variability associated with a rising wind speed
will generally trlgger the lower wind speed cutout. However, if there is a
sudden increase in wind speed due to a squall or a fast moving weather

-14-



front that may damage the machine, the higher threshold may be triggered
before the lower average wind speed criterion is satisfied.

To study the merits of a double moving average cutout high wind speed, a
series of ASYM runs was made in which the number of sample points in the
lower cutout average (i.e., window width) were varied along with the lower
high wind speed threshold. For the runs the following parameters were held
constant:

(1) Wind-stress function = 40 RMS psi/(n/s),

(2) Higher high wind speed cutout threshold = 30 n/s, with two samples
in the moving average window,

(3) Wait time after cutout = 5 minutes, and
(4) Surface roughness or turbulence length scale = 0.1 m.

Figure 7 is a plot of the number of stops per year as a function of the
number of points in the lower high wind speed moving average window. The
cutout wind speed threshold is a parameter that varies between 14 and 24
n/s.

It is clear that a low cutout wind speed produces a very large number of
stops (and starts). For an 8-m/s site, at which a typical VAWT might
operate approximately 3500 hours per year, an average of one stop per hour
of operation might be expected for a low value of the cutout threshold. It
is also clear from Figure 7 that the number of stops is very sensitive to
the number of points in the moving average window width below four to six
points per average (i.e., 8- to 12-second window width). As shown in
Figure 8, the frequent stops give rise to a great deal of lost energy
because the machine spends a substantial amount of time waiting-to come
back on line after each stop.
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Although the cessation of operation in high wind speeds protects the
machine from some fatigue damage, the overall effect of the frequent starts
and stops alone can lead to an increase in fatigue damage. The overall
effect of the control approach on the economics of the machine is
summarized in the plot of FOM verses the number of points per average
(i.e., window width) as shown in Figure 9. The results are consistent and
in accordance with those shown in Figures 7 and 8.

As shown in Figure 7, a wider lower high wind speed moving average window
width leads to fewer high wind speed stops. Also, a wider window leads to
a better FOM as shown in Figure 9. Therefore, it can be concluded that a
double average is not recommended for the conditions studied; only a single
moving average appears to be prudent. A wind-stress function of 40 RMS
psi/(m/s) was employed in this phase of the study. This value is in the
range of those recommended for long-term machine operation with minimal
fatigue. If the wind-stress function was substantially greater, as a
result of an inadequate structural design approach, the use of a double
moving average high cutout wind speed algorithm might be more appropriate
as a means of protecting the machine from extreme damage.

Low Wind Coasting Algorithm

One low wind speed cut-in/cutout VAWT control approach that has been found
to have merit is the "Canadian Coast" algorithm [4]. Some early Canadian
VAWTs employed an over-running clutch on the high speed shaft that allowed
the rotor to coast when rotating below normal operating speeds. The
approach is appealing because it may reduce power consumption due to
motoring in low wind conditions. Instead of turning the machine completely
off when winds are insufficient to produce useful power, the machine is
allowed to rotate freely, without generating power. If winds pick up again
the rotor may speed up motored by the wind, or may be powered up to
operating rpm more rapidly. In either case, less motoring power is
required than if the machine were stopped.

The conditions under which the machine should be shut down during coasting
operation can be easily sensed as follows:

(1) If the wind speed is insufficient to allow the rotor speed to
maintain a specific value,

(2) If the allowed time in the coasting condition is exceeded, or

(3) If a stress level at a specific location exceeds a prescribed
threshold.

One risk in such a control approach is that the rotor rpm may dwell too
often on a critical resonant frequency of the rotor or the drive train.
With inadequate structural or aerodynamic damping, a short time in such a
condition may lead to accelerated fatigue damage. For the simulation
results to be discussed, the latter concern will not be addressed.

=17-
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ASYM was modified to simulate a specific low wind speed coasting algorithm.
The main assumptions in the control algorithm were essentially the same as

those employed in previous simulations, except that when the moving average
wind speed falls below a cut-in speed the machine will go into the coasting
mode. The amount of time permitted in the coasting mode was then varied to
explore whether the control method reduced energy losses due to fregquent

starting and stopping. For the analyses discussed, rotor inertia is
neglected.

Figure 10 is a plot of the results for an 8-m/s site. The figure provides
a plot of start/stop energy losses as a function of permitted coasting time
before a full shutdown is triggered. Site terrain roughness, which leads
to wind turbulence according to Frost, Iong, and Turner [7], is plotted as
a parameter. The results lead to two important conclusions:

(1) The magnitude of potential energy losses due to frequent VAWT

starting and stopping is so small (less than 1 percent of energy
produced) that it does not appear to be worth the risks of

-18-



(2)

PERCENT ENERGY LOSS

Figure

produced) that it does not appear to be worth the risks of
exc1t1ng mechanical resonances at different rotor speeds, and
incurring associated accelerated fatigue damage. A careful design
of the system structural dynamics may, however, permit such
operation.

Improvements in start/stop enerqgy losses are relatively
insensitive to the turbulence level and the amount of coasting
time permitted over the ranges studied. At very turbulent sites,
sensitivities may be greater, but such sites are generally not
preferred.
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10. Calculated Low Wind Speed Start and Stop Energy Losses as a
Function of Coasting Time and Terrain Roughness Length Scale
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5. SUMMARY

The unavailability of abundant high-frequency wind data by which to study
wind turbine control system performance, energy production, and fatigue
damage has led to the development of a useful high-frequency random wind
simulator. It has been applied to evaluate VAWT performance in the program
ASYM. The preliminary results indicate the power and flexibility of the
analytical tool. 1In general it can be concluded that VAWT fatigue life can
be very sensitive to (1) the wind-stress function on the most highly
stressed joint on the machine, and (2) the choice of parameters in the high
wind speed cutout algorithm. ASYM permits the evaluation of an optimum
cutout wind speed that maximizes project profit over the life of a machine.
It was also found that a controller using a double moving high cutout wind
speed average can lead to reduced economic benefits to the project if
control parameters are inappropriately selected. Iast, it was shown that
start/stop energy losses are relatively small and the use of a low wind
speed coasting algorithm produced marginal benefits in reducing energy
losses. In general, ASYM has shown itself to be a useful design tool that
can provide valuable guidance and insight in developing system control
strategies.
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